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Abstract 
The desired lifetime for CO2 injection for sequestration is several decades at a high injection rate (up to 10 bbl/min 
or 2,400 tons/day per injector). Government regulations and geomechanical design constraints may impose a limit 
on the injection rate such that, for example, the bottomhole pressure remains less than 90% of the hydraulic fracture 
pressure. Despite injecting below the critical fracture pressure, fractures can nevertheless initiate and propagate due 
to a thermoelastic stress reduction caused by cool CO2 encountering hot reservoir rock.  
 
Here we develop a numerical model to calculate whether mechanical and thermal equilibrium between the injected 
CO2 and the reservoir evolves, such that fracture growth ceases. When such a condition exists, the model predicts 
the corresponding fracture geometry and time to reach that state.  
 
The critical pressure for fracture propagation depends on the thermoelastic stress, a function of rock properties and 
the temperature difference between the injected fluid and the reservoir (ΔT).  Fractures will propagate as long as the 
thermoelastic stress and the fluid pressure at the fracture tip exceed a threshold; we calculate the extent of a fracture 
such that the tip pressure falls below the thermoelastically modified fracture propagation pressure. Fracture growth 
is strongly dependent upon the formation permeability, the level of injection pressure above fracture propagation 
pressure, and ΔT. 
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1. Introduction 
The desired lifetime for CO2 injection for sequestration is several decades at a high injection rate (as much as 10 
bbl/min or a few thousand tons/day per injector) to minimize well construction costs. To avoid potential risks to CO2 
confinement, government regulations and geophysical design constraints may impose a limit on the injection 
pressure and thus on injection rate. For example, the bottomhole pressure may be required to remain less than a 
prescribed threshold, for example 90% of the hydraulic fracture pressure of the storage formation. The fracture 
pressure can be estimated from regional correlations or rules of thumb (0.7 psi per foot of depth), or determined 
readily from a suitable injection test. If this constraint is met, we nevertheless expect fractures to initiate and 
propagate due to the thermoelastic stress reduction on the fracture propagation pressure caused by cool CO2 
encountering hot reservoir rock. If this occurs, it is of great interest to know how far the induced fracture might 
propagate. The primary goal of this research is to quantify the thermally driven, two-dimensional geometry of a CO2 
injection-induced fracture, where injection is begun below the nominal fracture pressure but above the 
thermoelastically lowered fracture pressure with the intent to store CO2 underground (as opposed to well stimulation 
via hydraulic fracturing).  
 
 
 
Figure 1: Cross-sectional diagram of CO2 injection and thermoelastic fracture propagation, including heat transfer mechanisms of conduction 
vertically (due to the geothermal gradient) and horizontally (transverse to the fracture plane) and of advection into the reservoir. 
 
The induced thermoelastic stress is proportional to the difference in temperature (ΔT) between the CO2 and the rock, 
and the warming of the CO2 by the surrounding formation as it flows along an induced fracture raises the possibility 
that the fracture propagation will be self-limiting. Here we develop a numerical model that will enable us to 
calculate whether the injection-induced fracture stabilizes at mechanical and thermal such that fracture growth 
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ceases, and when such a condition exists, what the fracture geometry will be and how long it takes to reach that 
state.   
 
Knowing final fracture geometry is useful because: 
x Fractures may intersect other existing wells in the formation resulting in an escape route for the CO2,  
x Fractures provide a relative “superhighway” for CO2, influencing plume migration and storage efficiency, 
and  
x Fractures increase the injectivity of the well, and hence influence the economics of the injection program.   
The model also enables operators to estimate injection rates that would keep the induced fracture within a prescribed 
“area of review” around an injection well. Anecdotal evidence from field studies of waterflooding has demonstrated 
the ability for fractures unintentionally initiated at injection wells to intersect production wells resulting in a 
dramatically early water breakthrough [1]. Once these fractures are created, a high permeability pathway now links 
the two wells even if the injection pressure is reduced so the fractures close, ruining the sweep efficiency of the 
waterflood.  
 
 
Nomenclature 
ߪ௛ǡ௠௜௡  minimum horizontal Earth stress ߪ௠௢ௗǡ௛ǡ௠௜௡ modified minimum horizontal Earth stress   
οߪ௉ோ   poroelastic stress effect 
οߪ்  thermoelastic stress effect 
ߚ  Biot’s coefficient of poroelasticity 
ν   Poisson’s ratio 
E  Young’s Modulus 
ߙ்  coefficient of thermoelastic expansion 
a   Prats’ dimensionless fracture conductivity 
xf  fracture half-length 
wf   fracture width 
k  formation permeability 
kf   fracture permeability 
Sv   vertical principal earth stress 
Pp   pore pressure 
 
 
2. Basic Fracture Theory and Thermoelastic and Poroelastic Stress Modification 
 
Geologic CO2sequestration involves the injection of cold CO2 into a saline aquifer of a much higher temperature. 
The bottomhole temperature (BHT) of the CO2 entering a reservoir from an injection well will depend on the 
injection rate and heat transfer characteristics of the wellbore and surrounding Earth. Previous calculations and field 
testing have shown that the temperature of the CO2 entering the formation can be much lower than the formation, 
providing a temperature difference of 40 degrees Celsius or more [2, 3]. Such a temperature difference induces a 
thermoelastic stress reduction on the minimum horizontal Earth stress acting on the reservoir rock, thereby lowering 
the bottomhole pressure (BHP) needed to fracture the formation rock. Changes in the pore pressure due to CO2 
injection will also alter the stress on the reservoir rock after much of the reservoir pore pressure has grown from 
prolonged injection. “In fact, the final reduced stress is the result of a thermal reducing effect (thermoelasticity) and 
a fluid-pressure increasing effect (poroelasticity) at the injector. In general, however, the latter is much smaller” [4, 
5]. Adding the stress alterations, we can calculate the modified minimum horizontal stress (ߪ௠௢ௗǡ௛ǡ௠௜௡) in the 
reservoir: 
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ߪ௠௢ௗǡ௛ǡ௠௜௡ ൌ ߪ௛ǡ௠௜௡ ൅ οߪ் ൅ οߪ௉ோ …………………………………………...(1) 
 
ΔσPR = poroelastic effect  
οߪ௉ோ ൌ ఉሺଵିଶ௩ሻο௉ଵି௩  …………………………………………...(2) 
 
ΔσT = thermoelastic effect  
οߪ் ൌ ఈ೅ாο்ଵି௩ ………………………………………………...(3) 
 
σh,min = original minimum horizontal Earth stress 
 
 
The criteria for fracture propagation are different from fracture initiation. In this work we assume fracture initiation 
criteria have been surpassed and a fracture extends longer than one meter from the injection well. Once this length 
has been exceeded, rock strength in tension is negligible and tensile fractures will grow provided the fluid pressure 
in the fracture at the tip is higher than the ߪ௠௢ௗǡ௛ǡ௠௜௡  as defined above [6]. We used the PKN type fracture 
propagation principles derived by Nordgern (1972) which are most appropriate to long fractures of narrow aperture, 
in addition to the assumption that fracture height will be bounded by formation layers of higher minimum horizontal 
stress [6]. This is a reasonable assumption as target formations should be chosen with these stress characteristics so 
that the operator can have reasonable certainty of fracture containment. 
 
3. Thermodynamics of Cold CO2 Flowing through a Fracture into a Porous Media 
 
Thermoelastic stress effects will depend on the presence of cold fluid; therefore it is important to calculate the 
temperature of the fluid in the fracture. Heat conduction from the Earth will warm the fluid in the fracture, but 
conduction of heat through rock is so low that advection will be the primary method of heat transfer in the reservoir 
(heat flux from geothermal conduction is typically around 0.1 W/m2 while advection heat loss is typically 10-20 
W/m2) [7]. Advection- which is analogous to what is known in hydraulic fracturing as “leak-off’- will reduce the 
quantity and velocity of CO2 traveling down the fracture to the tip. Eventually the fluid velocity component in the 
direction of the fracture is small enough that heat conduction from the Earth will have time to warm the fluid in the 
fracture appreciably. 
 
Most hydraulic fracturing software and analysis uses the 1D Carter model to describe leak-off from a fracture. The 
failure of the Carter leak-off formula to accurately describe fluid flow from long fractures of non-constant internal 
pressure drives the need to develop a better model based on the actual modified Darcy flow of fluid traveling 
through a porous media.  Historically, most investigation into fluid flow through a reservoir has been focused on 
characterizing tracer concentration movement (versus time and distance from the injection point), and a good 
overview with the appropriate constitutive equations can be found in the Water Resources Monograph prepared by 
the American Geophysical Union (Javandel, 2013).  Of interest in this work is the analogous temperature profile 
equation that can be used to calculate the temperature gradient movement from an injected fluid versus time and 
distance from the injection point. This subject is briefly outlined in the user guide to the PHREEQC program 
developed by the United States Geological Survey, and the constitutive partial differential equation that expresses 
the transient temperature profile is [8]: 
 
ሺ׎ߩ௪ܿ௪ሻ డ்డ௧ ൅ ሺͳ െ ׎ሻߩ௦ܿ௦
డ்
డ௧ ൅ ሺ׎ߩ௪ܿ௪ሻݑ
డ்
డ௫ െ ߢ
డమ்
డ௫మ ൌ Ͳ…………………………. ..(4) 
 
where T is the temperature, ׎ is the porosity of the rock, u is the fluid flow velocity through the porous media, ρ is 
the density of the solid (s) and the fluid (w), c is the specific heat and ߢ is a term that encompasses thermal 
dispersion by advective flow and heat conductivity of the reservoir.  
 
Dividing Equation 4 by ሺ׎ߩ௪ܿ௪ሻ gives: 
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்ܴ డ்డ௧ ൅ ݒ
డ்
డ௫ െ ߢ௅
డమ்
డ௫మ ൌ Ͳ………………..…..…………………… (5) 
 
where; 
 
்ܴ ൌ ͳ ൅ ሺଵି׎ሻఘೞ௖ೞ׎ఘೢ௖ೢ  ………………………………………..(6) 
 
is the temperature retardation factor and; 
 
 ߢ௅ ൌ ఑׎ఘೢ௖ೢ ………………………………………………(7) 
 
is the thermal dispersion coefficient.  The retardation factor is greater than unity, implying the CO2 flood front will 
propagate into the reservoir faster than the temperature front. The thermal dispersion coefficient contains a 
component for pure diffusion, and a component for dispersion due to advection:  ߢ௅ ൌ ߢ௘ ൅ ߚ௅ݒ where ߚ௅ is the 
thermal dispersivity, ߢ௘ is the thermal diffusion coefficient, and v is the velocity of the fluid front [8]. Flow down a 
fracture, or in this work a highly permeable duct bounded by porous media, is not simply described by one partial 
differential equation due to the line-source variable pressure gradient induced in the fracture. For this reason, we 
turned to numerical methods to solve the heat and mass transfer equations presented by this problem.  
 
The result of the injected fluid flowing into a reservoir from a fracture is a cold front that grows into the reservoir in 
an elliptical shape confocal to the fracture wings, enabling cold CO2 to flow toward the fracture tip without warming 
significantly [4]. The following sections will discuss the simulation methods used to describe this phenomenon.  
 
 
 
Figure 2: Plan-view diagram of flood fronts, temperature fronts, and heat transfer mechanisms of convection and conduction.  
 
 
3.1 Calculating Thermal and Mechanical Equilibrium 
 
Thermoelastic fractures reach a practical limit in length once mechanical equilibrium has been established where the 
fluid pressure in the fracture tip is equal to or slightly above ߪ௠௢ௗǡ௛ǡ௠௜௡. We consider constant rate injection, so the 
hydraulic conductivity of the fracture will determine the pressure drop from wellbore to tip. Fracture conductivity 
can be characterized by Prats’ correlation “a” for dimensionless conductivity [9]: 
 
ܽ ൌ గ௞כଶ௫೑ସ௞೑௪೑………………………………………………...(8) 
 
Fracture conductivity is inversely proportional to length. Thus high conductivity fractures of short length, wide 
aperture, bounded by low reservoir permeability will preserve a nearly constant pressure along the length of the 
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CO2 Flood 
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fracture. Conversely long, narrow fractures will experience significant pressure decline between the wellbore and 
tip. The mechanical equilibrium condition thus depends primarily on two factors: 1) fracture conductivity, and 2) the 
warming of cold CO2 in the fracture that determines the thermoelastic stress reduction.  
 
Once the fracture length has reached a limit, cold fluid will continue to flow down the fracture and into the reservoir, 
thereby cooling the reservoir as long as injection continues. Cooling more rock will continue to marginally increase 
fracture length as low temperature fluid is now able to travel farther along the fracture. On the other hand, long-term 
injection increases the fluid pressure in the reservoir, and increasing reservoir pressure can cause the fracture to 
close. This poroelastic effect will increase the ߪ௠௢ௗǡ௛ǡ௠௜௡if the average reservoir pressure increases a substantial 
amount [5]. How quickly and by how much the average reservoir pressure will grow depends on the rate at which 
brine can be displaced from the reservoir through natural boundaries or through extraction wells. In this work we 
consider the limiting case that brine displacement is fast enough to keep the average reservoir pressure constant.  
 
4. Numerical Model Setup of Injection Scenario 
 
We set up a domain in COMSOL Multiphysics software of a reservoir adjacent to a fracture of prescribed length and 
aperture. The domain, depicted in Figures 3 and 4, was defined as one quarter of a bi-wing fracture in two 
dimensions (one dimension along the fracture, X, and the second dimension perpendicularly into the reservoir, Y) 
plus a portion of the reservoir. The fracture height was assumed to be constant because it’s bounded by higher 
stressed layers constraining vertical fracture growth (PKN type fracture). A constant pressure and temperature inlet 
fed the fracture with a fluid (in this work water was used as an incompressible and therefore computationally 
simpler analog for CO2). The fluid flows down the fracture and into the surrounding reservoir rock of prescribed 
initial temperature. The fracture was treated as a highly porous and permeable fluid-filled duct of prescribed 
dimensions; the reservoir as a Darcy continuum of fixed porosity and permeability. A simple fracture geometry (a 
constant cross-section rectangle) was chosen that results in the largest equilibrium length of fracture. In this study 
we assumed the reservoir was under pressure management (that is, a production well is assumed to withdraw fluid at 
the same rate fluid is injected) so the boundary of the domain was set at a constant pressure.  
 
Rather than compute the unsteady state problem for propagating the fracture, different fracture lengths were tried 
iteratively until the pressure at the fracture tip equalled the ߪ௠௢ௗǡ௛ǡ௠௜௡  calculated from Equation 1. This is 
consistent with the physical expectation that the flow field reaches nearly steady-state quite rapidly because the 
thermoelastic stress reduction is instantaneous and fractures will propagate fast enough to be almost instantaneous 
relative to the lifetime of CO2 sequestration. 
 
We illustrate the model using injection parameters and reservoir characteristics (Table 1) from the Cranfield Filed 
CO2 storage pilot program undertaken by the University of Texas Bureau of Economic Geology [3]. The injected 
fluid was assigned a temperature corresponding to the measured bottomhole value. The reservoir temperature was 
set to the known original field value.  
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Figure 3: Plan-view of Perkins-Gonzalez idealized thermal front, flood front and injection-induced fracture [4]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Diagram of fluid injection setup in COMSOL, assuming symmetry of by modelling only one quarter of the fracture plus reservoir. 
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       Table 1: Reservoir and injection parameters from the Cranfield storage program. [3]. 
Reservoir Parameters   
Injection Pressure (Bottomhole; MPa) 39-41  
Initial Reservoir Pressure (MPa) 31  
Injection Temperature (Bottomhole; deg. C) 
Initial Reservoir Temperature (deg. C) 
Porosity 
Permeability (mD) 
Fluid Type 
Coefficient of friction 
Young’s Modulus (GPa) 
Poisson’s Ratio 
αT (1/K) 
Fracture Width (cm) 
Fracture Permeability (D) 
81 
125 
0.25 
64 
Water 
0.6 
17.5 
0.15 
1.0E-5 
1.0 
100,000 
 
 
 
Figure 5: Graphs of recorded bottomhole temperature and pressure in a Cranfield CO2 injection well. The numerical simulation refers to work 
performed by researchers at the UTBEG [3]. 
 
 
The minimum horizontal Earth stress, thermoelastic stress reduction and fracture propagation pressure were all 
calculated from data gathered from the field. (Figure 5 and Table 1) 
 
The minimum horizontal stress correlation [6],  
 
   ߪ௛ǡ௠௜௡ ൌ ቂሺͳ െ ߤʹሻ
ͳ
ʹ ൅ ߤቃ
െʹ
כ ൫ܵݒ െ ܲ݌൯ ൅ ܲ݌……………………………………….(9) 
 
implies ߪ௛ǡ௠௜௡ equals 47 MPa and from Equation 3 the thermoelastic stress is 9 MPa (see Table 2 for a range of 
thermoelastic stresses), which means the thermoelastically modified fracture propagation pressure (ߪ௠௢ௗǡ௛ǡ௠௜௡ሻ, 
neglecting poroelastic effect, should be about 38 MPa when injection was first begun.  
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The injection data from the Cranfield test (Figure 5) show hardly any pressure increase (BHP stays around 38 MPa) 
when the injection rate was nearly doubled from 175 kg/min to 330 kg/min (after 20 days). This indicates a fracture 
must have formed and grew with the increase in injection rate, at about 38 MPa propagation pressure. When the 
injection rate was stepped up again to 500 kg/min (at 150 days), the BHP rises only to about 41MPa and levels off− 
again indicating the presence of a fracture. The induced fracture would have most likely grown rapidly with this 
large jump in injection rate, and per the model stated, would lengthen to the point where the pressure at the tip is 
equal to the thermoelastically modified minimum horizontal stress from Equation 3. 
 
   Table 2. Thermoelastic stress reductions across a range of temperatures using Cranfield conditions (Table 1) and a 
coefficient of thermoelasticity of 1E-5 1/K: 
Delta T [deg. C] οߪ் [Pa] 
5 1.03E6 
10 2.06E6 
15 
20 
25 
30 
35 
40 
45 
50 
3.09E6 
4.12E6 
5.15E6 
6.18E6 
7.21E6 
8.24E6 
9.26E6 
10.3E6 
 
 
Using the measured injection bottomhole conditions of 39 MPa injection pressure and 81 degrees Celsius (BHT), 
after many iterations on possible values of the equilibrium fracture length, we were able to demonstrate the 
progression of a cold fluid front flowing down the fracture and into the reservoir, and the pressure gradients inside 
the fracture that resulted in a tip pressure equal to the calculated ߪ௠௢ௗǡ௛ǡ௠௜௡. 
 
 
4.1 Results 
 
The COMSOL model results of the Cranfield CO2 Storage program are shown in Figures 6 and 7: pressure and 
temperature graphs for one day of injection. The fracture will propagate very rapidly (within a day) to a length of 
250 m, at which point the thermal front reaches the tip of the fracture and the pressure drop along the fracture 
reduces the tip fluid pressure to a value close to ߪ௠௢ௗǡ௛ǡ௠௜௡Ǥ Fluid will continue to leak-off into the reservoir 
creating a cold insulating layer between reservoir rock at the original temperature and the fracture, however unless 
poroelastic stress additions are accounted for, no further fracture growth is expected.  
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Figure 6: Pressure inside the fracture (250m in length) at the centerline followed by a portion of reservoir rock just ahead of the fracture tip. The 
legend indicates the time steps in seconds, up to one day of injection; notice the nearly steady-state nature of the pressure gradients which were 
established very quickly (39 MPa at the injection point and 38 MPa at the fracture tip).    
Fracture length = 250m Reservoir Rock = 750m 
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Figure 7: Temperature inside the fracture at the centreline propagates to the tip of the fracture within a day; subsequent propagation into the 
reservoir (times not shown) is much slower. The legend indicates the time steps in seconds. 
 
 
A fracture length of 250 meters allows equilibrium to be established between the thermal effects and the pressure 
effects when the reservoir permeability is 64 mD and the injection pressure is 39 MPa. We also ran a test to see how 
reservoir permeability would change the equilibrium length. The result for 1000 mD reservoir permeability with the 
same pressure boundary conditions and injection parameters is an equilibrium length of about 60 meters, established 
in less than one day of injection. This is expected because leak-off, or advection, of fluid from the fracture is 
enhanced due to the higher permeability. This means the pressure in the fracture is more heavily influenced by the 
pressure gradient in the reservoir, so the pressure gradient within the fracture is larger. The 1000 mD simulation 
results are shown in Figures 8 and 9.  
Fracture length = 250m Reservoir rock = 750m 
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Figure 8: Pressure at the fracture centerline (60 meters in length) in a one Darcy reservoir with same injection and boundary conditions. 
 
 
Figure 9: Temperature at the fracture centerline in a one Darcy reservoir with same injection and boundary conditions. Notice the temperature 
front is already about 30 meters beyond the tip of the fracture after one day. 
Frac Reservoir rock = 940m 
Frac Reservoir rock = 940m 
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Figure 10: Plan-view of temperature front growing into the reservoir after one day of injection. The legend shows the temperature gradient; 400 K 
is the initial reservoir temperature and 355 K is the injection temperature. 
 
The temperature front spreads into the reservoir slower than it travels down the fracture. After only one day of 
injection, the cold insulating layer has travelled almost 30 meters beyond the tip of the fracture, and 40 meters 
perpendicular to the fracture. Therefore, the thermoelastic stress reduction will occur throughout this cold region; 
however the fracture length is constrained by the pressure reduction inside the fracture.   
 
The models run in this work all used water as the injected fluid for simplicity of computation and illustration. 
However, when carbon dioxide is injected into a storage reservoir, its properties will cause some changes to the 
results herein described. The important differences between CO2 and water include: a lower specific heat, a higher 
compressibility, and a lower viscosity. Accounting for these differences, CO2 will 1) warm more quickly once it 
enters the fracture and reservoir, 2) maintain a higher pressure as it expands, and 3) leak-off from the fracture more 
readily reducing the pressure inside the fracture. We expect fluid expansion to be the dominant property which will 
cause fractures formed through CO2 injection to be longer than water driven fractures [10]. 
 
5. Conclusions 
 
x The thermoelastic stress reduction on the fracture propagation pressure of a porous rock due to cold fluids 
interacting with hot rock can be large enough to enable fracture propagation at pressure well below the nominal 
fracture pressure, 
x High injection rates will cause the cold fluid to reach the tip of a fracture in a short time, and the continuously 
growing cold insulating layer surrounding the induced fracture maintains the thermoelastic stress reduction at 
the tip and out into the reservoir, 
x Injection-induced fractures can propagate until reaching a state of mechanical equilibrium at which point they 
stop growing. At equilibrium, fracture lengths of hundreds of meters are possible, 
Fracture length = 60m Reservoir rock = 940m 
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x The length of the injection-to-tip pressure gradient is very sensitive to formation permeability, and is the 
primary constraint on equilibrium fracture length. Naturally occurring faults or other high-permeability thief 
zones intersecting the fracture can enhance pressure drawdown in the fracture shortening its length. 
Given the findings of this study, we recommend a high level of reservoir characterization- specifically including 
geomechanical characterization- be performed on intended storage sites. With the knowledge that fractures can 
initiate and propagate below the nominal fracture pressure and propagate very rapidly, care should be taken in the 
selection of storage reservoirs and the placement of injection and production wells. By running simulations like this 
one, estimates of the fracture length needed to establish a pressure gradient that results in thermal and mechanical 
equilibrium between the injected fluid and the reservoir can be calculated. 
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7. Appendix 
 
Sample COMSOL iteration to find the fracture equilibrium length 
 
Figure 11: Alternate case using the Cranfield injection conditions. 
 
100 m Fracture 
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In the above Figure 11, when a 100 meter fracture was tried using the Cranfield injection conditions in a one Darcy 
reservoir the pressure drop to the fracture tip is about 2 MPa. A tip pressure of 37 MPa would not be sufficient to 
hold open the fracture against the ߪ௠௢ௗǡ௛ǡ௠௜௡, in which case that fracture would close and shorten to the 60 meter 
equilibrium length. 
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